Due to increasing vehicle greenhouse gas emission regulations across the globe, the automotive industry is facing pressure to improving fuel economy. The key to achieving this is reducing vehicle mass and developing alternative energy vehicles, thereby reducing environmental impact. Lightweighting has become one of the most important aspects to consider in the design and manufacture of modern vehicles, while electric vehicles require a different approach to design and build. All the aforementioned factors have a significant impact on materials selection and usage, and corrosion is a vital consideration. In this article, we discuss and summarize some of the challenges and demands of future fuel-efficient vehicles, from the perspective of corrosion avoidance npj Materials Degradation (2018) 2:24 ; doi:10.1038/s41529-018-0045-2
CORROSION SOLUTION FOR AUTOMOTIVE LIGHTWEIGHTING MATERIALS SYSTEMS
Presently, most automotive manufacturers are reducing vehicle structure mass, with several advanced materials being used (aside from traditional/conventional low carbon steel) including advanced high strength steels, ultra-high strength steels, aluminum (Al) alloys, magnesium (Mg) alloys, and composites. Materials selection depends upon where each material can be best optimized, in terms of performance and cost. Traditionally, motor vehicles have mainly consisted of iron and steel. The use of Al in the automotive sector has increased in recent decades, most OEM's (original equipment manufacturers) typically commencing with the utilization of Al hoods, one of the reasons being the comparative excellent corrosion resistance. However, with the ongoing pursuit of even lighter materials, which may not provide equally good corrosion resistance, a greater understanding of the corrosion behavior of emerging automotive materials is required.
Corrosion and protection solutions for Mg
Magnesium is the lightest engineering metal for structural applications, having been utilized in vehicles for a long time (typical application includes instrument panel beam and steering wheel). However, the growth of Mg usage in the automotive sector was not as significant as many may have expected in the last two decades. In fact, since the high pressure die cast Mg instrument panel has been progressively replaced, the average usage of Mg alloys on a vehicle has declined since 2008. [1] [2] [3] One of the principal concerns is the poor corrosion resistance of Mg and Mg alloys. 4 The poor corrosion resistance of Mg alloys is intrinsic, with Mg having the lowest (least noble) electrochemical potential of any metals used in automotive structures. [5] [6] [7] [8] [9] Compared to Al, which is also a reactive metal, Mg has a porous and unprotective surface oxide layer, which does not provide passivation from corrosion, unlike the passivation observed upon Al alloys. Ongoing efforts are aimed at the use of various alloying elements, with the pursuit of achieving more "stainless Mg." 10, 11 However, no significant progress has been made in the availability of corrosion-resistant commercial Mg alloys, with AZ91D (nominally Mg-9Al-1Zn (−0.4Mn), wt%) and AM60 (nominally Mg-6Al-1Mn, wt%) still the most popular Mg alloys for the automotive industry.
The use of a barrier coating is one solution in order to prevent Mg alloy corrosion; however, despite the effectiveness of such coatings, they also have the potential to create unfavorable anode/cathode area ratios at coating defect sites. Furthermore, previous experience has indicated that most current organic or epoxy-based coatings cannot permanently or fully prevent the penetration of aqueous electrolyte to the underlying Mg substrate. Once an aqueous electrolyte reaches any Mg substrate, the corrosion reaction can initiate and proceed (without the need for oxygen) and result in hydrogen generation. The generation of hydrogen will result in the formation of blisters beneath the coating and eventually compromise the corrosion protection system. As a result, organic or epoxy-based coatings cannot be directly applied on to an Mg substrate. 12 Undoubtedly, in the lifetime of a vehicle, some abuse (intentional or accidental) or damage is expected during usage, especially for exterior applications, so there must be some tolerance for deep scratches or mild damage-as required. By comparison, the corrosion resistance of Al is superior to that of both steel and Mg. In the case of steel, protective coatings that are sacrificial are possible, and there are numerous automotive steels that adopt the contemporary forms of classical Zn coatings. However, owing to the reactivity of Mg and its position in the galvanic series, it remains challenging (and commercially not yet realized) to develop a sacrificial coating for Mg substrates. It is worth noting, however, that laboratory scale attempts have been made to date [13] [14] [15] with further work required. The reactivity and aforementioned low electrochemical potential of Mg also makes Mg alloys very susceptible to galvanic corrosion, 16 when in contact with essentially all other automotive alloys. This susceptibility to galvanic corrosion has been a key contributor greatly limiting the application of Mg in automotive industry. What also complicates the use of Mg alloys in automotive applications to date is that, in many cases, the design of the Mg component is usually transferred from the prior steel or Al designs, where galvanic interaction concerns are not present. In reality, a corrosion engineer is usually not involved in the early stages of design, which is typically more focused on finite element analysis optimization for structural requirements, and then flow simulation for the casting process. Such designs, however, may be later deemed inappropriate from failure to pass corrosion testing during the later stages of component validation; cause significant time and cost to modify the design and tooling. In some cases, such a delay is not acceptable for product launch, which can lead to reverting to the original steel or Al design. While electrical isolation can mitigate galvanic corrosion effectively, 17, 18 this engineering method, however, often brings additional cost and weight-making the Mg solution less competitive.
To address the above practical issues, the following applied areas should be considered:
• For current engineering applications, a systematic study regarding the compatibility of Mg and its alloys with other engineering materials is necessary. Developing the best practices or guidance for Mg component design to mitigate galvanic corrosion (which can be applied by vehicle designers).
• In the short term, developing a robust, self-healing, affordable, and environmentally friendly coating system for Mg alloys is of significance. Such a coating system should have scratch resistance and meet existing industry requirements, such as GMW/SAE/ISO-related standards. To make such a coating competitive, an ideal target cost should be below 1 USD/m 2 .
• In the longer term, developing a corrosion-resistant Mg alloy that has a corrosion rate <0.1 mm/year (typically after 7 days immersion in 3.5 wt% NaCl solution) or has corrosion performance equivalent to or better than competitor Al alloys (such as Silafont 36, A356, or even AA5xxx and AA6xxx alloys) in corrosion tests (such as the ASTM B117 neutral salt spray test or GMW 14872 cyclic salt spray test). This may be achieved by adding alloying element forms to promote corrosion resistance or promote the development of a dense passive film on the surface.
Galvanic corrosion between carbon fiber-reinforced polymer and metal Carbon fiber-reinforced composites (CFRPs) and other fiberreinforced composites are attractive to engineers and manufacturers, because they possess a high specific strength, and are promising lightweight materials for vehicle applications. Although the polymeric resins may have some susceptibility to degradation, generally however, fiber-reinforced composites are considered stable and corrosion resistant. However, when reinforced with carbon fibers, there may be subsequent corrosion issues that arise, when joining carbon fiber composites with metals. Carbon fibers in CFRPs are electrically conductive, and electrochemically very noble. Therefore, when a metal or alloy is inappropriately joined with CFRP (such that there is an electrical connection), the metal is susceptible to suffer galvanic corrosion. When coupled with a fastener, bolt, or nut, the situation worsens, because a large surface area of CFRP is coupled to small metallic parts. In these circumstances, the rate of galvanic corrosion may be accelerated due the high cathode to anode surface area ratio (A c /A a ).
The galvanic corrosion of metals coupled to carbon composite materials is actually not entirely new, having been reported since the 1970s. 19 The issue has also been topical for decades in the context of the aerospace industry, 20 which has now adopted CFRPs in contemporary aircraft. In the context of automotive alloys, there was a recent study coupling CFRP to coated steel 21 revealing the galvanic corrosion behavior of a CFRP/steel couple is critically dependent on the CFRP's surface polymer layer conditions. The ongoing demand for the use of CFRP in automotive applications requires further systematic study of the galvanic corrosion between carbon fiber composites and automotive engineering materials, including a range of steels (with a range of surface treatments) and numerous Al alloys. Especially important is the influence of different materials combinations, geometries, and joining methods on the subsequent corrosion intensity. It remains to be realized that the desired outcome of mitigating galvanic corrosion be achieved by selecting the appropriate materials and appropriate design of the joining method.
Galvanic corrosion for the mixed materials strategy in body-inwhite The so-called body-in-white (BIW) refers to the stage in automotive design/manufacturing in which the body's components have been joined together. Among the various strategies to remove weight from vehicles, one is the "mixed materials strategy" of using the right material in the right place in the right amount. It is noted that mixed-material vehicles are by no means something new. A whole vehicle is, in general, made from mixed materials at present, including Al engine blocks and suspension parts, steel bodies, plastic trim, and Mg instrument panel support beams. However, such parts are typically attached to a predominantly steel body (i.e., a steel BIW) in final assembly. To achieve an even lighter vehicle with higher stiffness, a more complicated "hybrid" of different materials is required for body structure. Taking the Cadillac CT6, for example, it is General Motors' first complete vehicle with a body made from mixed materials-incorporating several grades of steel sheet, Al sheet, castings, and extrusions as show in Fig. 1 . Similar trend can now be found in other vehicles, such as the present Chevrolet Malibu. To meet structural integrity requirements, conventional and newly developed joining techniques have been applied, including the extensive use of adhesives. Galvanic corrosion, different thermal extension, and other effects of bringing two or more dissimilar materials and alloys closely together must be addressed. For corrosion, that means combining various materials with different electrode potentials, which can result in the possibility of galvanic corrosion. Traditionally, galvanic corrosion was mainly evaluated by experimental methods. In terms of understanding (or estimating) galvanic corrosion a priori, the application of numerical methods such as the boundary element method to galvanic corrosion has been reported by numerous authors [22] [23] [24] [25] [26] [27] and commercially available software like BEASY® has demonstrated the potential to predict galvanic current distribution in marine applications. It is however being noted that most of these attempts at modeling galvanic corrosion have been studies of the system fully immersed in electrolyte. However, in the case of automotive applications, the environment of actual usage is one in which materials are under a thin film electrolyte, with large variations in wetness and ambient humidity. In such cases, corrosion behavior (and galvanic corrosion behavior) will be complex due to the electrochemical system and the conductivity path constantly evolving/differing. Recently, BEASY® developed a thin film model to simulate the galvanic corrosion under thin film electrolyte, with a logical further pursuit being the wider spread experimental validation of such models. An initial study has been promising, indicating the prospect of predicting the salt spray test results on the component level. 28 With further development, such combined modeling-experimental approaches may be useful in order to simulate the total current and potential distribution of a whole mixed materials vehicle under corrosion conditions, helping to guide in design.
Lab-to-field correlation and corrosion standard for new materials The automotive field has always remained dynamic, and although only some emerging materials of interest have been mentioned above, it is undoubtable that numerous new materials (or new variants of existing materials, such as new alloy grades, or materials with advanced surface treatments, etc.) will soon enter the vehicle manufacturing process. This inevitability brings with it a lot of challenges to corrosion validation. Present vehicles usually have corrosion requirements of 10 to 15 years and OEMs often provide approximately 3 to 6 years of warranty to the customer. Vehicle corrosion engineers and numerous OEMs have accumulated decades of historical data to develop a comprehensive corrosion avoidance and validation methodology. Therefore, OEMs and their suppliers have traditionally had an accurate (and relatively quick) assessment of the durability of automotive materials and components, using reasonable resources and time, during the typical 3-to 4-year-long full vehicle development cycle. Such an approach has proven to be effective to date, since products and parts which can pass these validation tests have historically held up as durable in actual market conditions. However, as may be guessed, most validation methods used to date are based on test data based on ferrous materials-with the majority of mass market vehicles built with low carbon steels for a long time. As highlighted through this commentary, the demand for new automotive materials (driven by the combination of efficiency and regulations) means that the present assessments, methodologies, and standards may not accurately correlate to future durability in actual service environments. Such a circumstance may lead to either under or over engineering. Therefore, a systematic study of the correlation between laboratory test results (which are necessarily accelerated in nature) and actual usage conditions for new materials becomes very important in order to permit the implementation of new materials effectively and efficiently.
CORROSION FOR BATTERY ELECTRIC VEHICLE
The arrival of alternative energy (non-gasoline) vehicles is inspiring a new era of innovation in the automotive industry, across several OEMs. Furthermore, as can be seen in the case of alternative energy vehicles, there are significant changes in the way such vehicles are designed and built. For example, this is especially true in the case of the battery electric vehicle, where the elimination of the internal combustion engine and transmission offers greater design freedom to engineers. Such design changes impact the materials usage and the attendant corrosion conditions. For example, Tesla have integrated the battery packs and electric motor on the chassis of their Model S, with no propulsion components located under the hood. To increase the amount of available power or to improve efficiency, a direct motor-to-wheel configuration could be applied in other cases, or even, wheel hub motors. In any such case, electric motors are placed at a position much closer to the wheel, where the working conditions (and environment) are much more severe than the under hood; this includes exposure to dust and dirt, stone chipping, and even salt water splashing. In such locations of the vehicle, a robust corrosion protection strategy must be developed and implemented.
In contrast, and historically, conventional internal combustion engine and transmission systems are more like a closed system. While corrosion may impact supporting systems (i.e., coolant system, cables, etc.), corrosion may not cause immediate functional loss for a vehicle. However, for electric vehicles, corrosion in specific areas such as connector blocks and terminals, can create a short circuit for electrical current and lead to arc ignition. All aspects are presently key issues of consideration (presently and in the near and ongoing future) and in need of systematic study and validation.
CORROSION PROTECTION AND AVOIDANCE INSPIRED BY NEW TECHNOLOGIES
Nowadays, it can be considered that vehicles are more than just a machine for transportation. Vehicles are now incorporating a significant number of functions, becoming both smart and intelligent. Tire pressure monitoring and other intelligent diagnosis systems have become standard equipment for many vehicles on the market, and it can therefore be expected that a corrosion monitoring system may be achieved in future. For example, appropriate sensors (noting that it was a decrease in the cost and increase in reliability of sensors that have allowed the rapid development of driverless vehicles), capable of real-time monitoring of the corrosion rates at critical locations, could potentially permit with proactive warnings before system failure. Such a system may be integrated into other vehicle health diagnosis modules to form a comprehensive vehicle monitoring system.
Finally, the recent development in machine learning and artificial intelligence have illuminated a new space for corrosion avoidance, from generating corrosion protection solutions, to monitoring corrosion data during validation and service. Just as digitization and then automation significantly improved the efficiency of corrosion measurement in the past, machine learning and artificial intelligence may provide new solutions and expert systems to collect field corrosion data and conduct big data analysis to generate a more accurate lab-to-field correlation. This is a topic that is not elaborated here, but a topic that is critical and relevant to the broader field of corrosion, in both materials design and anti-corrosion design, outside the scope of an existing engineers individual experience.
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